Crystal structures and magnetic properties of the ternary sulfides BaLn2S4 (Ln = Sm, Gd-Lu) are reported. Their powder Xray diffraction measurements and Rietveld analyses show that they adopt the CaFe2O4-type structure with space group Pnma. The lattice parameters linearly increase with the Ln 3+ ionic radius. Magnetic susceptibility measurements were carried out from 1.8 to 300 K. The BaLn2S4 compounds for Ln = Gd-Yb show the Curie-Weiss paramagnetic behavior, and BaSm2S4 shows the van Vleck paramagnetism.
Introduction
Compounds containing lanthanide (Ln) ions have been attracting interest since they often show anomalous magnetic properties derived from the unpaired 4f electrons at low temperatures. Among them, much attention has been paid on ternary compounds with a type of ALn2X4 (A = alkali earths; Ln = lanthanides; X = O, S, Se, Te).
1)-11) They adopt a few kinds of crystal structures. In them, magnetic properties of compounds with the CaFe2O4-type structure 12) are very interesting because they have a characteristic framework of Ln ions, i.e., zigzag chains consisting of edge-shared Ln3 triangles and the honeycomb-like structure formed by the chains. The compounds with the triangle-based array of magnetic ions have been attracting interest since they often show peculiar magnetic behavior due to the magnetic frustration. 13 ), 14) Recently, Karunadasa et al. reported the results by the magnetic susceptibility and neutron diffraction measurements on SrLn2O4 (Ln = Gd, Dy-Yb). 1) They showed complicated magnetic properties, and magnetic anomalies were observed below 4 K, indicating the onset of a magnetic transition. After that, we have investigated the magnetic properties of BaLn2O4 (Ln = Pr, Nd, Sm-Ho) and found that they show a long-range antiferromagnetic ordering of Ln ions at 1.7 K (for Ln = Nd), 2.6 K (Gd), 0.8 K (Ho). 2) In this paper, we have focused our attention on the crystal structure and magnetic properties of ternary barium lanthanide sulfides BaLn2S4 (Ln = Sm, Gd-Lu). According to earlier works, these compounds adopt the CaFe2O4-type structure.
6)-9) Thus, it is expected that they show attractive magnetic properties strongly reflecting the structural features and characteristics of Ln 3+ ions. However, detailed structural analysis and magnetic properties were not systematically studied. In order to elucidate them, we synthesized these compounds and performed the powder X-ray diffraction and magnetic susceptibility measurements.
Experimental
Polycrystalline samples BaLn2S4 were synthesized by the solid-state reaction. As starting materials, lanthanide sesquisulfides (Ln2S3) and barium sulfide (BaS) were used. They were prepared by heating the Ln2O3 (Ln = Sm, Gd, Dy-Lu), Tb4O7, or BaCO3 in a graphite boat at 1473 K (for Ln2S3) or 1173 K (for BaS) for 6-8 h in a flow of mixed CS2 and N2 gas which was obtained by bubbling the N2 gas through liquid CS2 at room temperature. The starting materials were weighed in appropriate metal ratios and ground intimately in an agate mortar. The mixtures were pressed into pellets and sealed in an evacuated quartz tube, and then heated at 1373 K for 12 h. To avoid the reaction between the sample and quartz tube, the tube was coated with carbon.
The powder X-ray diffraction (XRD) measurements were performed at room temperature in the range 10° ≤ 2θ ≤ 120° using a 2θ step size of 0.02° with Cu Kα radiation on a Rigaku MultiFlex diffractometer. The X-ray diffraction data were analyzed by the Rietveld technique, using the program RIETAN2000. 15) The temperature dependence of the magnetic susceptibilities was measured under both zero-field-cooled (ZFC) and fieldcooled (FC) conditions in an applied field of 0.1 T over the temperature-range 1.8-300 K using SQUID magnetometer (Quantum Design, MPMS-5S).
Results and discussion

Crystal structures of BaLn 2 S 4
The BaLn2S4 compounds with Ln = Sm, Gd-Lu were successfully prepared. The XRD pattern for BaSm2S4 is shown in Fig.  1 . The observed diffraction peaks were indexed with an orthorhombic unit cell having space group Pnma. For some compounds, additional small peaks derived from the existence of unknown impurity phase (1-3%) were observed. The XRD data for all the title compounds were analyzed by the Rietveld method. As the starting model of the calculation, structural parameters for the related oxides BaLn2O4, 2) which adopt the CaFe2O4-type structure (space group Pnma), 12) were used. The fitting results by the Rietveld analysis shown in Fig. 1 appear to indicate that the data for BaLn2S4 were well refined by this structural model. The refined structural parameters for BaSm2S4 and lattice parameters for all the BaLn2S4 compounds studied in this paper are listed in Tables 1 and 2 , respectively. 
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the variation of the lattice parameters with the ionic radius of Ln 3+ ion in the six coordination. They monotonically increase with the Ln 3+ ionic radius. The schematic crystal structure of BaLn2S4 is illustrated in Fig. 3 . In this structure, Ln ions occupy two different crystallographic sites (Ln1 and Ln2) and are coordinated by six sulfide ions in an octahedral manner. The Ln1S6 and Ln2S6 octahedra form the zigzag chains along the b axis, respectively. These chains connect with each other and build up the honeycomb-like framework. The Ba ions locate in the tunnel of the honeycomb structure.
Average bond lengths (Ln1-S, Ln2-S, and Ba-S) and bond valence sums (BVSs) for Ln1, Ln2, and Ba ions were calculated using the refined structural parameters, and they are plotted against the ionic radii of six-coordinate Ln 3+ in Figs. 4 and 5, respectively. The Ln-S lengths increase linearly with the ionic radius of Ln . The BVS values for Ln1 and Ln2 ions (2.8-3.1) are near to 3 and reasonable for the trivalent ion. On the other hand, the Ba-S length and BVS value show a slight dependency on the ionic Ln 3+ radius nevertheless the Ba ion in all the BaLn2S4 compounds are expected to be in the divalent state. In this structure, the Ba ions occupy spaces in the honeycomb tunnel formed by the linkage of LnS6 octahedra, and the size of the space become larger with the ionic radius of the Ln 3+ ion. Similar result has been found in the analogous oxides BaLn2O4.
2)
Magnetic properties of BaLn 2 S 4
The temperature dependence of the inverse magnetic susceptibility for the BaLn2S4 (Ln = Gd-Yb) is plotted in Figs. 6 and Note. Space group Pnma; a = 1.22464(6) nm, b = 0.41219(2) nm, c = 1.46816(7) nm, Rwp = 11.16%, RI = 1.60%, Re = 9.78%. Definitions of reliability factors Rwp, RI, and Re are given as follows:
. Fig. 2 . Variation of lattice parameters for BaLn2S4 with ionic radii of six-coordinate Ln 3+ ions. Fig. 3 . Schematic crystal structure of BaLn2S4.
7.
All the data except for BaSm2S4 exhibit the Curie-Weiss behavior. The effective magnetic moments (μeff) and Weiss constants (θ ) are determined by the Curie-Weiss law in the temperature range 100-300 K. The results are summarized in Table 3 .
The effective magnetic moments are very close to the moments calculated for free Ln 3+ ions. The negative Weiss constants indicate that the predominant magnetic interaction between Ln 3+ ions is antiferromagnetic.
The magnetic susceptibility for the BaSm2S4 is plotted against temperature in Fig. 8 . No magnetic transition was observed down to 1.8 K. This compound shows the well-known van Vleck paramagnetism due to the behavior of Sm 3+ ion. 16) The effective magnetic moment at room temperature (Table 3) is in good agreement with the calculated value for the Sm 3+ ion.
16)
The magnetic susceptibilities for all the BaLn2S4 compounds do not show a magnetic transition. down to 1.8 K, and the diver- gence between the ZFC and FC data is not observed. However, the data for BaYb2S4 show a change in the slope at ~2 K (See inset of Fig. 7) , which may be an onset of the antiferromagnetic ordering of the Kramers Yb 3+ ions. In order to elucidate the magnetic transition of these compounds, further investigations such as specific heat and neutron diffraction measurements at lower temperatures will be needed.
Summary
The XRD measurements and Rietveld analyses show that ternary sulfides BaLn2S4 adopt the CaFe2O4-type structure with the space group Pnma. From the result of the magnetic susceptibility measurement, all the BaLn2S4 for Ln = Sm, Gd-Yb are paramagnetic down to 1.8 K. The Yb compound shows an onset of the antiferromagnetic transition at ~2 K. 
